5 0 measurements of resting-state regional cerebral blood flow (CBF) were obtained in 29 right-handed men, 10 of whom stuttered and 19 of whom did not. PET images were analyzed by sampling 74 regions of interest (ROls), 37 per hemisphere. ROI placement was guided both physiologically and anatomically. Physiological ROI placement was based on speech motor activations. Anatomical ROls were positioned by reference to a stereotactic, neurosurgical atlas with positions confirmed and finely adjusted by co-registered magnetic-resonance images (MRIs). For all subjects, PET and MR images were normal to visual inspection. Highly significant (p < 0.0001) between-region and betweenhemisphere effects were found for both groups, as have been previously reported for normal subjects, but no significant between-group differences were found for any regional CBF values. Analysis by a laterality index found a weakly significant between-groups effect (p = 0.04) that was isolated to five regions, four of which are implicated in speech or hearing. However, these regional laterality effects showed no consistent directionality, nor did these regions have absolute differences in regional blood flow between groups. Present findings do not support recent suggestions that developmental stuttering is associated with abnormalities of brain blood flow at rest. Rather, our findings indicate an essentially normal functional brain terrain with a small number of minor differences in hemispheric symmetry.
Currently, the dominant general hypothesis governing stuttering research and theory is that developmental stuttering is a product of central nervous system dysfunction, possibly with genetic origins. The strength of this hypothesis is reflected in a plethora of recent studies into the neurophysiology and physiology of stuttering (see Bloodstein, 1995; Boberg, 1993; Cooper, 1990; Peters, Hulstijn, & Starkweather, 1991) and the influence of theories postulating hemispheric laterality and/or motor system dysfunction (Webster, 1993; Zimmermann, 1980) . There is some recognition (see, for example, Rosenfield & Nudelman, 1987; Smith, 1990 ) that stuttering must also be affect-and environmentally sensitive, but this view still concedes primacy to a neurologic disorder hypothesis. The most favored view appears to be that the core problem is either a neural dysfunction or deficiency that is expressed most obviously in stuttering behavior, but equally significantly through a variety of relative deficiencies in general speech motor skills of persons who stutter (see Peters et al., 1991) , albeit mainly among adults. These theories raise the question of whether the brains of persons who stutter are in any way fundamentally different from the brains of persons who do not stutter-that is, whether people who stutter display signs of cortical dysfunction or brain lesion as opposed to displaying differences primarily associated with speech production and/or language processing. This is the question addressed in the current study. In this regard, Moore (1993, p. 46 ) summarized his own research findings to conclude that "... differences C 1996, American Speech-Language-Hearing Association 0022-4685/96/39061208 1208 observed between stutterers and nonstutterers are not related to differences in brain morphology. . . " but rather to differences in the way the brains of people who stutter process linguistic stimuli.
Whether apparent brain differences between people who stutter and those who do not are reflective of the existence of subtle brain lesions is best addressed through studies that examine or infer patterns of brain activity during nonspeech tasks, ideally during resting states. In this context, Moore's (1993) above-stated conclusion appears contradictory to his own findings, obtained during rest conditions, of significant EEG alpha power differences between 9 adult stuttering speakers and adult controls (Wells & Moore, 1990) . Between-groups differences occurred at both anterior and posterior temporoparietal electrode placements. Further, unlike the control subjects, stutterers' brains showed no differences in posterior alpha power between resting state and linguistic tasks.
Additional support for the position that the brains of people who stutter are fundamentally different from normally fluent speakers' brains derives from Webster's behavioral research on finger-tapping performance (cf. Webster, 1993) . Finger-tapping tasks were selected based on the assumption that the neural mechanisms of speech motor control overlap other, nonspeech motor control phenomena (and perhaps because finger-tapping seems especially relevant due to the close proximity of mouth and finger on the motor strip homunculus). Webster attributes the significant between-group differences he observed in complex fingertapping tasks to "some underlying structural and functional problem with the circuitry" (p. 91) of people who stutter, which he ascribes primarily to a fragile speech motor control system characterized by "structural weakness of the left SMA [supplementary motor area]" (pp. 99-100). Caruso's (1991) review of the neuromotor processes underlying stuttering continues the theme that nonspeech neuromotor mechanisms may be abnormal in people who stutter. In this context he reports findings from Weinstein, Caruso, Severing, and VerHoeve (1989) that uncovered visual timing/ sequencing and movement speed deficits in people who stutter, thus further indicating the existence of a generalized (i.e., not speech-specific) movement disorder. Caruso attributes this to problems located in SMA and/or the basal ganglia.
More support for the position that the brains of people who stutter might be fundamentally different is presented by Yeudall et al. (1993) , who administered to 17 adult persons who stuttered and a control group a battery of neuropsychological measures designed to assess the functional integrity of the frontal regions of both hemispheres. The battery contained behavioral tests and quantitative EEG measures of brainstem and middle latency responses. Results indicated that subjects could be divided into five "clusters," each showing different patterns of aberrant function. In more general terms, however, Yeudall et al. claim that the findings from a majority of the subjects who stuttered "provide evidence of a fundamental disturbance of the left hemisphere motor systems... [which provides] evidence for a neurological substrate in the etiology of stuttering..." (p. 160). Stub, Black, and Naeser (1987) used a similar research approach with two sibling adult persons who stuttered, utilizing a different battery of neuropsychological tests that included CT scans. They concluded that both subjects displayed anomalous cerebral dominance that was both functional and structural. Theories of (lack of) cerebral dominance have waxed and waned over the years since first proposed by Orton (1928) and Travis (1931 Travis ( , 1978 and are thriving once again as technologies for investigation of brain activity improve.
Establishing the location, extent, severity, and sense (i.e., is neural activity increased or decreased?) of brain abnormalities underlying stuttering is requisite for neurologically sophisticated hypotheses and models of stuttering. Lesion locations (in stuttering) inferred from performance studies, such as an SMA lesion postulated because of difficulties with complex movements (Caruso, 1991; Webster, 1993) , are merely putative and require confirmation. Similarly, electroencephalographic (EEG) studies also indicate brain dysfunction in persons who stutter, both at rest and during task performance (Blood & Blood, 1984; Decker, Healey, & Howe, 1982; Wells & Moore, 1990; Yeudall et al., 1993) ; EEG, however, has such poor spatial resolution that virtually no inferences can be made regarding lesion location. The current generation of neuroimaging technology offers the only conclusive, noninvasive means for localizing and characterizing brain lesions. Once lesions are well characterized, knowledge from other scientific domains can be systematically applied. Information on neural connectivity, neurotransmitter distributions, regional function-even computational models of involved systems-can be brought to bear. This cross-disciplinary strategy, using neuroimaging as the bridge between basic science and clinical disorder, has been successfully used in a broad range of diseases. For example, Grafton, Sutton, Couldwell, Lew, and Waters (1994) have created a computational model of Parkinson's disease by applying to neuroimaging data a model of the circuitry of the basal ganglia, thalamus, and motor cortex derived from a large body of primate electrophysiologic and anatomic research.
The objective of the present neuroimaging study is to identify and characterize the regional brain abnormalities associated with developmental stuttering. The long-term goal is to lay the groundwork for the development of equally sophisticated models for stuttering. In the absence of compelling evidence to the contrary, we hypothesized that abnormalities of both structure and function would be found. Based on the diverse nature of the performance abnormalities associated with stuttering, we hypothesized that stuttering would prove to be a disorder affecting several neural systems and structures. For this reason, we imaged virtually the entire brain. To avoid prematurely restricting the focus of this study to a single task or class of behaviors, imaging was performed at rest.
Neuroimaging modalities can be categorized as structural, chiefly imaging anatomy, and functional, chiefly imaging physiology. Structural imaging modalities include x-ray computed tomography, ultrasonography, and magnetic resonance imaging (MRI). Functional imaging modalities include electroencephalography (EEG), magnetoencephalography, positron-emission tomography (PET), single-photon emission computed tomography (SPECT) and, most recently, functional MRI. In the present study, imaging modalities combining high spatial resolution and high sensitivity for both brain structure (MRI) and brain function (PET) were applied. To our knowledge, this is the first study to report MR imaging in developmental stuttering. Functional imaging has been previously reported in persons who stutter, as will be discussed.
Functional imaging studies fall into two broad categories based on experimental design: (a) functional-lesion studies and (b) functional-activation studies. Functional-lesion studies are intended to detect regional physiological abnormalities that are disease specific, but not due to gross structural abnormalities. Functional lesions in the absence of gross, structural lesions are thought to reflect microstructural abnormalities such as neural agenesis, dysgenesis, or degenerations. Functional-lesion neuroimaging studies, then, can identify regional abnormalities associated with psychiatric, developmental, and neuro-degenerative disorders. Examples of functional lesions that have been detected by PET and SPECT include frontal hypometabolism in schizophrenia (reviewed in Gray, Feldon, Rawlins, Hemsley, & Smith, 1991) , caudate hypometabolism in Huntington's disease (Mazziotta, Frackowiak, & Phelps, 1992) , limbic and paralimbic hypometabolism and hypoperfusion in depression (Baxter, Schwartz, & Phelps, 1989; Mayberg, 1994) , and temporal lobe hypometabolism and hypoperfusion (interictally) in partial complex epilepsy (Gaillard et al., 1995) .
Functional-activation studies map the neural systems underlying specific behaviors. PET activation studies are characterized by the use of short-lived tracers (e.g., 150 water; half-life 123 s), multiple scans per session, and experimental designs in which task states and control states are contrasted within session and within subject. Functional activation studies can be used to isolate neural systems of normal behaviors as well as behaviors selectively altered by disease. For example, these studies permit the investigation of neural activity during speaking tasks and have already broadened our understanding of the neural substrates of speech and language (reviewed in Liotti, Gay, & Fox, 1994) . The literature mapping the neural systems of disordered behavior is smaller, but includes cognitive (Gray, 1995; Weinberger, Aloia, Goldberg, & Berman, 1994) , emotional (Drevits & Raichle, 1995) , motor (Grafton et al., 1994) , and perceptual (Neville, 1990) disorders.
Both functional-activation and functional-lesion studies have been conducted with persons who stutter. The first published functional-activation study was reported by Wood, Stump, McKeehan, Sheldon, and Proctor (1980) and attempted to record regional cerebral blood flow (rCBF) during a stuttering and a reduced stuttering condition. This study reported inadequate left cerebral dominance for speech production, complementing a variety of non-rCBF studies showing unusual hemispheric laterality among persons who stutter (see ). More recently, some preliminary functional activation studies using PET have also started to investigate neural systems of persons who stutter (Braun, Ludlow, Varga, Shulz, & Stager, 1994; Braun et al., 1995; DeNil, Kroll, Kapur, & Houle, 1995; Fox et al., 1996; Ingham, Fox, & Ingham, 1994 Wu et al., 1994 . All of these studies have associated atypical neural activations with the speech of persons who stutter.
As mentioned above, however, functional-lesion studies are more applicable to the question addressed in the current study. Such an investigation using SPECT technology was reported by Pool, Devous, Freeman, Watson, and Finitzo (1991) . Resting-state rCBF was measured in 20 adults who stutter and in 78 nonstutterering controls. This study reported that the at-rest pattem of hemispheric asymmetries differed between the experimental and control groups. Specifically, Pool et al. reported abnormal asymmetries in regions associated with speech motor control, thus inferring a stutterer-specific trait.' The same subjects were studied by Finitzo, Pool, Freeman, Devous, and Watson (1991) via auditory evoked potentials acquired from the temporal cortex. These results complement the rCBF findings and led Finitzo et al. to conclude that " ... stuttering is a neurologic disorder with focal and diffuse functional lesions at cortex" (p. 259).
The present study is also a functional-lesion study of developmental stuttering. Its purpose is to determine whether persons who stutter have abnormalities of brain function or structure. The present study serves as well as a systematic replication (Cook & Campbell, 1979; Sidman, 1960) of Pool et al. (1991) , using the more recent and more sensitive neuroimaging technologies of PET and MRI.
Methods

Subjects
Participants in this study were paid volunteers recruited by advertisements in local newspapers, posted at local schools, and by word-of-mouth. All participants gave informed consent in the manner prescribed by and with forms approved by the Institutional Review Board of the University of Texas Health Science Center. Ten adult men who stutter and 19 similarly aged men who do not stutter were studied. All subjects were physically well, unmedicated, and with no medical, neurologic, or psychiatric diagnoses. All participants had complete right-body dominance, as scored with ' The SSseffect is best established using a model with hypothesized cell . values, but it is more convenient to use a post hoc estimate, the observed estimate for the effect in question. Power for the Trial x Hemisphere interaction (see p. 1217) was calculated with SSeffect = 72.388 and MS-forError = 13.642, making lambda = 5.30626, with MS-for-Error being the mean square for Trials x Hemisphere x Subjects pooled over groups. This MS-for-Error usage, standard for repeated measurements designs with these within-subjects factors, is not available in O'Brien and Muller's programs without some modifications.
For a significance level of 0.05, df effect = 2 and df error = 54, all that remains is to calculate the theoretical F-value for significance, F(.05), 2, 54, and the corresponding power, the probability of attaining that F or a higher F when there is no interaction in the population. Many equivalent procedures can be used here; ours employs essentially the SAS program as shown below: data power; var2 = 'TRIAL by HE'; f5pcnt_f = finv (.95, 2, 54, 0) ; lambda = 72.388/13.642; power = 1 -probf(f5pcnt f, 2, 54, lambda); proc print data = power; run;
Output from this program tells us FPCNT__F = 3.16825, LAMBDA = 5.3026, and Power = 0.50527. The SAS functions "finv" and "probf" are central to this power calculation. the Harris Test of Lateral Dominance (Harris, 1958) . This test assesses laterality of use of the eyes, hands, and feet.
The 10 men who stutter ranged in age from 22 to 46 years, with a mean age of 33 years. All carried a diagnosis of chronic stuttering, with childhood onset. No subject had received treatment for stuttering within the previous 3 years. Five subjects reported a family history of stuttering. All the men who stutter underwent a spontaneous speech screening task, administered by the investigators. In this task, stuttering severity was judged by two independent judges (RJI; JCI) using a 3-point rating scale: 1 = mild; 2 = moderate; 3 = severe. Their scores were: mild, 4 subjects; moderate, 2 subjects; severe, 4 subjects. Their stuttering frequency during the experiment, measured as the number of 4-s intervals of oral reading judged to contain stuttering (Ingham, Cordes, & Finn, 1993) , ranged from 6 to 29 out of 30 possible stuttered intervals (3 x 40-s scans). These data were obtained from a PET functional-activation study of stuttered speech, from which the present resting state data were obtained (Fox et al., 1996) .
The 19 control subjects ranged in age from 21 to 55 years, with a mean of 29 years. None reported a history of speech or hearing problems. Ten were participants in the abovementioned functional-activation study (Fox et al., 1996) ; the remaining 9 were drawn from two concurrent studies that also used three eyes-closed rest scans as the control state. The mean ages of the two groups did not differ (t = 0.86; p > 0.05).
Subject Preparation
PET and MRI scans were acquired with each subject supine and with his head supported in a foam-padded, hemicylindrical head holder. For PET imaging, head position was adjusted with the aid of laser alignment beams to approximate a plane 15 degrees (rotated clockwise, when viewed from the subject's left) from a horizontal plane passing between the anterior and posterior commissures (AC-PC plane; Talairach & Toumoux, 1988) . At this orientation, the PET planes of section spanned all known speech motor regions, including the supplementary motor area and cerebellum. Following positioning, the head was immobilized within a tightly fitted, thermally molded, plastic facial mask . The mask extended from the hairline to the chin, with openings for eyes, ears, nose, and mouth. An antecubital venous catheter was placed for administrations of the PET radiotracer (below). In 20 subjects (10 in each group), a catheter was placed in the radial artery, for determining the arterial time-activity function. Catheters were removed prior to MR imaging. Timeactivity curves were successfully obtained in 14 subjects (6 men who stutter and 8 controls).
PET Imaging
PET images were acquired with a GE/Scanditronix 4096 camera. This PET camera simultaneously acquires 15 parallel slices with a center-to-center interslice distance of 6.5 mm and a transaxial field of view (FOV) of 10.0 cms. Images were reconstructed at an in-plane resolution of 7 mm full-width at half-maximum (FWHM) and an axial resolution of 7 mm FWHM. Before emission scanning, a 15-slice tomographic transmission image (8Ge/ 6 8 Ga) was obtained in order to calculate regional attenuation coefficients.
Water labeled with 15-oxygen (H250, half-life 123 s) was used as a blood flow tracer (Herscovitch, Markham, & Raichle, 1983; Raichle, Martin, & Herscovitch, 1983) . Between 45 and 65 millicuries of H 2 15 0 in 5-10 cc of sterile saline were delivered as an intravenous bolus. Data acquisition was triggered by arrival of the tracer bolus in the field of view (15-20 s after tracer injection) and continued for 90 s. Each subject underwent a series of 9 measurements of brain blood flow. Subjects were scanned during 3, 40-s eyesclosed rest conditions; 3, 40-s periods of continuous reading (Task 1); and 3, 40-s periods of chorus reading (Task 2). Each subject experienced these scans in one of two counterbalanced orders: Rest-Task 1-Task 2-Rest-Task 2-Task 1-Rest-Task 1-Task 2 or Rest-Task 2-Task 1-Rest-Task 1-Task 2-Rest-Task 2-Task 1. For the questions addressed in this study, only data from the rest condition, which are entirely independent of the activation task conditions, are pertinent. A 10-15 min interscan interval occurred, which was sufficient for isotope decay (5 half-lives) and to reestablish resting levels of CBF before the subsequent trial (Malonek & Grinvald, 1996) . Prior to regional analysis, PET images were value normalized to a whole-brain CBF of 50 ml/1 00 gm/min (Fox, Burton, & Raichle, 1987; Fox & Raichle, 1984) .
MRI Imaging
MRI data were acquired on an Elscint Gyrex 2T-DLX. This system operates at 1.9 tesla and has an inner diameter of 90 cm. A three-dimensional, fast spin echo, T-1 weighted sequence was used. Voxel size was 0.9 x 0.9 x 0.9 mm. The entire brain was imaged.
Spatial Normalization
PET and MR images were spatially normalized relative to the atlas of Talairach and Toumoux (1988) , a now widely accepted procedure for interpreting imaging data (Evans, Collins, & Holmes, 1996; Ford, 1995; Friston, 1995; Strother, Kanno, & Rottenberg, 1995; Woods, 1996) . Spatial normalization was performed with the SN software, using the method of Lancaster et al., (1995) . Parameters characterizing slice location and orientation were extracted from each modality independently. Parameters characterizing brain dimensions were obtained from the MR image and applied to both the MR and PET images. Using these extracted parameters, images were transformed into 3D, spatially normalized image volumes, with isomorphic voxels, 2 mm x 2 mm x 2 mm ( Figures 1A and 1B ).
Regional Sampling
PET images were regionally sampled using two, independent, mutually complementary strategies: physiological tar-FIGURE 1. Group-mean MR images for right-handed men who stutter (A; n = 10) and a control group of age-matched, right-handed nonstuttering men (B; n = 19). There were no gross differences in brain morphology between the two groups, as is evident from visual inspection of these images. The slight blurring of these images, in comparison to the MRI of a single-subject (see Figure 2) , is an accurate index of the residual anatomical variance among subjects (within group) that was not removed by the spatial normalization process. The planes shown are a subsampling of a 3D image volume. The number beneath each plane is its distance in millimeters above (+) or below (-) the AC-PC reference plane.
geting and anatomical targeting. Physiologically targeted regions of interest (ROls) were defined by speech activation findings acquired from 20 of these 29 subjects. Anatomically targeted regions were defined with reference to the Talairach and Toumoux (1988) atlas. Using these two strategies, a total of 74 ROls, 37 per hemisphere, were defined. ROls were either 216 cubic mm (3 x 3 x 3 voxels) or 1000 cubic mm (5 x 5 x 5 voxels), where voxels are cubic areas with sides 2 mm in length. As much as possible, ROls sampled grey matter, avoiding white matter and cerebrospinal fluid. ROI names and locations are listed in Table 1 .
Physiologial regions of interest. In 20 of the 29 subjects (10 men who stutter and 10 who do not stutter), PET images during two speech tasks, chorus and nonchorus reading, were acquired (Fox et al., 1996) . By statistical contrast with the resting state, brain regions engaged during speech were identified in group-mean images created for each group. Eighteen (9 per hemisphere) regions activated during speech output were identified. These regions were: superior supplementary motor area (SSMA); inferior SMA (ISMA); superior, lateral premotor cortex (SLPrM); primary motor cortex (M1); inferior, lateral premotor cortex (ILPrM); primary auditory cortex (Al); secondary auditory cortex (A2); anterior insula (INS); and superior, anterior cerebellum (CBM). The mean location coordinate (x-y-z) for each region was determined. This mean coordinate was then projected back onto the images of each individual in order to extract regional values, trial-by-trial, and person-by-person.
Anatomical regions of interest. Anatomical regions of interest were chosen to broadly sample the brain, including regions outside the areas implicated in speech production. In cerebral cortex, regions were selected from all cytoarchi-TABLE 1. The 37 regional sampling areas (ROts) from each heiphere for PET data (providing 74 ROIs), which were identified as a result of either physidogical activation or anatoical information (see Methods). The ROls are referenced to ther Brodmann Areas (BA), where possible, plus lobe, gyrus, and region name as specified in the Talairach Talairach and Tournoux (1988) . In all, 27 (of 41) Brodmann areas (BA) were sampled using 24 regions. BAs were unsampled if they fell beyond the planes of section in any subject. Excluded areas were: posterior, superior parietal cortex, orbito-frontal cortex, and inferior temporal cortex. None of the unsampled areas fell within known speech motor areas. In Table 1 regions falling in or near the 11 brain areas sampled by Pool et al. (1991) are identified by asterisks. Four major subcortical nuclei were also sampled: thalamus, caudate, putamen, and globus pallidus. Anatomically defined ROls were initially positioned relative to the BA and nuclear designations of the Talairach and Toumoux atlas (1988) . ROls were positioned within their respective anatomical regions so as to be placed within the center of the anatomical region and free of partial-volume interactions with neighboring ROls. Once positioned relative to the atlas, the coordinates for each ROI were read from the atlas. Using these coordinates, ROls were projected onto the spatially normalized MR images of each subject. Once placed onto the MRI, the ROI was confirmed and adjusted, if necessary. Repositioning was limited to centering ROls within the grey-matter. No region was moved more than two voxels in any direction. ROI locations are illustrated in Figure 2 .
BA
Statistical Analysis
Regional sampling provided 6,438 values: 37 ROls, for 2 Hemispheres, for 29 Subjects (forming 2 groups), for three Trials per subject. Each independent value was the mean of 27 (for ROls of size 3 x 3 x 3 voxels) or 125 (for ROls of size 5 x 5 x 5 voxels) voxel values. Values for each subject were independent from each other and deviations from sphericity (noted below) were minimal. Analysis was progressive, beginning with a multiple-factor omnibus analysis (Winer, Brown, & Michels, 1991) . Factors not identified as significant by omnibus testing were not further tested. The likelihood that any true differences between experimental groups were missed was assessed using a power analysis.
Omnibus ANOVA. A repeated measures, multiple factors analysis of variance (ANOVA) was performed using the SuperANOVA statistical package (Gagnon et al., 1989) running on a Macintosh Quadra. The ANOVA design was "one-between, three-within," where the "between" factor was experimental Group (men who stuttered and men who did not stutter); and the "within" factors were ROI, Hemisphere, and Trial. Main effects and interactions were tested using the Huynh-Feldt correction for sphericity effects in a repeated measures ANOVA (Huynh & Feldt, 1970) .
Power analysis Power analyses were conducted to estimate the sensitivity of the Omnibus Analyses. Power was computed for all nonsignificant interactions with a p < 0.1, using the procedure of O'Brien and Muller (1993) with an adaptation for the repeated measures design. Absent a priori estimates of variance, the appropriate Mean Squares for error and degrees of freedom (see Table 2 ) were applied using an alpha level of 0.05. The protected effect sizes (lambda values) were calculated as follows: (SSeffts) Laterality Index ANOVA. Because the omnibus ANOVA found a main effect of Hemisphere for both groups, and because prior studies have found unusual regional asymmetries among persons who stutter (cf., ), a laterality analysis was performed, as follows. For each ROI, a Laterality Index was computed as: 100 (right -left)/ (right + left)/2. Laterality Indices were entered into a repeated measures, "one-between, two-within" ANOVA, where the "between" factor was Group and the "within" factors were Trial and ROI.
Results
The most striking finding was a lack of evidence for functional (or anatomical) lesions in the brains of men who stutter. This absence of functional lesions was obtained despite high statistical sensitivity, as indicated by: (a) the detection of very slight regional and hemispheric asymmetries in both groups, and (b) formal power analyses.
Visual inspection of the PET and MRI scans for each individual revealed no gross abnormalities in any brain area for any subject. Visual inspection of the group-mean MRI ( Figures 1A and 1B) and the group-mean PET ( Figures 3A  and 3B ) revealed no differences between the groups for either mode.
Omnibus Analysis
Two significant (p < 0.05) main effects and one significant interaction were identified ( Table 2 ). The main effects and the interaction were common to both groups. There were no significant between-group interactions.
Main effects. Highly significant main effects of ROI and Hemisphere were observed for both groups. The ROI effects reflect the visually obvious ( Figures 3A and 3B ) and wellknown differences in resting state blood flow among different regions of the brain.
The Hemisphere effects indicate a difference in the mean blood flow values between the two hemispheres. These differences were minor, less than 2%, but highly significant 2 Pool et al. (1991) also reported (but did not discuss or interpret) a more statistically significant and more controversial finding: whole-brain blood flow that was consistently lower (20% group-mean difference) in the persons who stutter than in the nonstuttering controls. (See Fox, Lancaster, & Ingham [1993] and Pool, Finitzo, Devous, Watson, & Freeman [1993] for a critique and discussion of this finding and other aspects of Pool et al.) . When using H 2 O 5 0 as a radiotracer, analysis of whole-brain blood flow requires kinetic modeling using time-activity values determined from rapid, repeated sampling of the arterial blood during the scan. In the current study, time-activity curves were obtained and whole-brain blood flow was quantified Raichle et al., 1983) in 6 of the men who stutter (mean = 56.0 ml/1 00 gm/min; SD = 15.81) and 8 of the men who do not stutter (mean = 47.2 ml/100 gm/min; SD = 9.82). The two groups did not differ, by unpaired t-test (t = 0.567; p > 0.1). In addition, their compared mean whole-brain blood flow values were in the opposite direction to those reported by Pool et al. However, a limitation of the present study is that we were unable successfully to insert arterial lines in all of our subjects, hence the statistical power of this analysis is too low to confidently contradict the finding of Pool et al. The power is low because a whole-brain analysis uses only a single value from each subject, thus greatly limiting the available degrees of freedom.
-----FIGURE 2. MRI of a single subject. The planes shown are a subsampling of a 3D image volume. The white squares on the images represent ROls, and accurately reflect ROI locations and sizes. ROls not falling on the illustrated planes are not shown. ROI labels are explained in Table 1 . ROI locations were established as described in the text. for each group (p < 0.0001). In both groups the directionality of the effect was the same, right > left, which is to be expected (Perlmutter, Herscovitch, Powers, Fox, & Raichle, 1985; Perlmutter, Powers, Herscovitch, Fox, & Raichle, 1987) . In controls the asymmetry was 2.5% (58.6, left; 60.1, right); in persons who stutter, the asymmetry was 1.5% (59.3, left; 60.2, right). This difference between groups was not significant (Hemisphere x Group interaction, p = 0.175).
(Note that this right > left asymmetry pertains to "whole brain" laterality rather than the commonly acknowledged left > right laterality of the language system.) Interactions. The ROI x Hemisphere interaction was highly significant (p < 0.002). This effect indicates that the overall Hemisphere effect (right > left) was not uniform throughout the brain. Rather, the directionality of the asymmetries differed across regions. This finding is further explored in the Laterality-Index Analysis (see below).
Power Analysis
Three near-significant interactions (0.1 < p > 0.05) were found: Trial x ROI, Trial x Hemisphere, and ROI x Hemisphere x Group (Table 2) .
For the Trial x ROI interaction, the power analysis revealed that confidence in nonsignificance was p = 0.9999. That is, there was less than a one-in-1 0-thousand chance of missing true trial x ROI interaction effects of size lambda or greater. Because each of the three resting-state scans was separated by at least 45 min, the lack of significant Trial effects indicates the consistency of multiple measurements in the resting state. This consistency validates both the use of multiple trials as a means of increasing the statistical power of this investigation and the use of a resting state as the measurement condition.
For the Trial x Hemisphere interaction, confidence in nonsignificance was p = 0.51. This low power likely is due to the much smaller degrees of freedom (df) for this comparison (54) than for the Trial x ROI analysis (df = 1944) or for the ROI x Hemisphere x Group analysis (df = 972). Thus, a Trial x Hemisphere interaction cannot be excluded.
For the ROI x Hemisphere x Group interaction, confidence in nonsignificance was p = 0.994. That is, there is a less than a six-in-one-thousand chance of missing true effects of size lambda or greater. Thus, it can be concluded with high confidence that the experimental group (of men who stutter) did not have resting state regional differences in brain blood flow (functional lesions) when compared to an age-matched control group of men who do not stutter.
Laterality Index ANOVA
One significant (p < 0.05) main effect (ROI) and one significant interaction (ROI x Group) were identified ( Table 3 ). The main effect replicates the ROI x Hemisphere interaction observed in the Omnibus ANOVA. The ROI x Group interaction indicates that regional asymmetries differed between the groups for some brain regions. The regions responsible for this effect were identified by t-test, as follows.
Laterality Index t-Tests
Between-group differences in hemispheric symmetry were identified for five brain regions (Table 4) . Because the input values for this analysis are asymmetry indices, these findings do not contradict the absence of a Group x ROI x FIGURE 3. Group-mean PET images for right-handed men who stutter (A; n = 10) and a control group of age-matched, right-handed nonstuttering men (B; n = 19). The extensive field-of-view of the PET image data is visually apparent. There were no gross differences in regional brain physiology between the two groups, as is evident from visual inspection of these images. The blurring of these images (greater than in Figures 1 or 2) reflects the combined effects of unremoved anatomical variance (see Figure 1 legend ) and the limited spatial resolution of PET (here, 7 mm FWHM). The planes shown are a subsampling of a 3-D image volume. The number beneath each plane is its distance in millimeters above (+) or below (-) the AC-PC reference plane. Hemisphere effect in the Omnibus Analysis. Rather, this analysis detects left-right balance, even when the input values are in the range of normal. Further, these five regional symmetry differences were isolated using a significance level of p < 0.05, without a correction for multiple comparisons, which none of these findings withstood. Nonetheless, in order to consider even the most remote possibility that the statistical analyses somehow obscured meaningful between- group differences, these near-significant regions were further examined. Differences in Laterality Indices were largely limited to brain areas implicated in speech production, but did not show a consistent directionality. ILPrM (BA 44), an area of the cerebral cortex involved in motor planning (Fox, 1995; Parsons et al., 1995) , was strongly right lateralized (+6.9) in the men who stutter and weakly left lateralized in the controls (-0.2). Al (BA 41), the primary auditory area of the cerebral cortex, showed the reverse effect, with strong left laterality (-5.1) in the men who stutter and weak right laterality (+1.0) in the controls. Middle frontal gyrus (MFG, lateral BA6), an area implicated in motor planning (Roland, 1993, pp. 260-262) , was left lateralized (-4.5) in the men who stutter, but right lateralized (+3.9) in the controls. Globus pallidus, a subcortical nucleus involved in motor control, was right lateralized in men who stutter (+4.5), but left lateralized (-2.8) in controls (Roland, 1993, pp. 262-264; Strick, Dum & Picard, 1995) . Finally, posterior cingulate gyrus (BA 29/30), an area implicated in visual attention and imagery (Roland, 1993, pp. 260-361) , was left lateralized (-1.4) in the men who stutter and strongly right lateralized (+9.0) in the controls. Thus, inconsistent laterality differences were noted, with three of the five areas more left lateralized in the men who stutter.
Values x ROI. The sources of the regional asymmetries described in the preceding paragraph can be identified by inspection of the actual ROI values. The mean values and standard deviation for all ROls, for each Hemisphere and Group are provided in Table 5 .
Inspection of each ROI value by comparison to the mean of the two values (right and left) for the controls reveals that the only consistent finding is that the men who stutter never showed a bilateral decrease in blood flow. For two ROls (ILPrM and cingulate [GC]), both values were higher than the mean of the controls, but asymmetrically so. For the remaining three regions, the left-sided value was higher than controls in two instances (Al and MFG) and the right-sided value was higher than controls in one instance (GP). Thus, as with the Laterality Indices, no consistent lateralizing effect was observed that differentiated men who stuttered from those who did not.
Discussion
The present study, which is methodologically and statistically powerful, was unable to provide support for the hypothesis that brain blood flow in the resting state differentiates men who stutter from men who do not. By visual inspection, all PET and MRI images for both subject groups were normal. The MRI images used in this study were of very high spatial resolution (voxels of <1 mm in all dimensions), high signal-to-noise, and high contrast-to-noise. Visual inspection of these images conclusively rules out small infarctions due to focal ischemic lesions (such as a postulated by Finitzo et al., 1991) and structural developmental abnormalities such as hemispheric atrophy, dysplastic gyri, or cortical migrational failures (such as have been reported in dyslexia by Geschwind and Galaburda, 1984 , and others). Nonetheless, because detailed morphometric analyses of these MRIs were not conducted, it is possible, although unlikely, that subtle differences in brain anatomy may exist. By ROI analysis, the only statistically significant findings were the between-region and between-hemisphere-but not between group-differences that constitute the normal physiological terrain of the brain. Only in the Laterality Index Analysis-an analysis targeting regional hemispheric asymmetries-was a weakly significant (p < 0.045) betweengroups effect detected and isolated to 5 (of 37) brain regions. Although only one of these regions was confirmed in this group as being active during speech, four of five regions were brain areas likely related to speech and hearing. These regional asymmetry differences were too weak to withstand a correction for multiple comparisons and varied in their sense. Inspection of the mean rCBF values (left and right) of these same regions again confirmed that regional CBF did not differentiate men who stutter from those who do not.
Present findings, then, do not support theories or previous research findings using other methodologies indicating that developmental stuttering is associated with or due to focal, functional lesions (e.g., Pool et al., 1991) .
3 Nor do the present findings support the postulate that developmental stuttering is associated with an absence of normal asymmetry between the cerebral hemispheres (Travis, 1978; Webster, 1993) , normal asymmetry being readily detected in both groups. In view of the largely negative findings of this study, a methodological critique would seem to be in order.
Methodological Critique of the Present Study
Overall, the present study has methodological advantages over prior functional-lesion studies of stuttering (see below). A key factor contributing to this strength was meticulous subject selection; an attendant limitation of this degree of selectivity was a relatively small cohort. Another important strength of this study was the use of H 2 15 0 PET to obtain highly accurate measurements of brain bloodflow in a repeated-measures design. Finally, regional sampling was both extensive and exact. ROls were placed by the combined use of physiological and stereotactic guidance.
Subject selection. Subject selection was quite rigorous. Experimental and control groups were closely age-matched and limited to right-handed, adult men. These restrictions were imposed to avoid confounding by known and possible regional effects on brain blood flow of handedness, sex, and age (Duara, Lowenstein, & Barker, 1990; Gur et al., 1995) . The experimental group was limited to persons with chronic, developmental stuttering, because late onset of stuttering is frequently associated with identifiable brain damage (Rosenbek, 1984) and its relationship to the more common developmental stuttering is unknown.
The chief limitation imposed by the stringent subject selection criteria was a relatively small number of subjects. This limitation was overcome, in part, by performing multiple, independent scans on each subject. The present study did not include a test for any possible relationship between stuttering severity and regional brain blood flow. This is an important topic for future investigations, although a larger cohort of subjects spanning the range of stuttering severity will likely be needed.
PET imaging. Although the PET methods employed are among the most modern, they have inherent limitations in field of view and spatial resolution. The field of view (10.0 cm) failed to sample the superior aspects of the parietal lobes and the most inferior aspects of the frontal and temporal lobes in some subjects. Brain areas not included in all subjects were not included in the analysis. By design, the unsampled areas were areas not known to be involved in speech or hearing. Thus, this limitation should be of little or no practical consequence.
The spatial resolution of the present study was 8 mm. For PET and SPECT, the sensitivity with which a functional lesion can be detected is directly related to the spatial resolution (FWHM) of the imaging device. Higher spatial resolution (smaller FWHM) allows less profound abnormalities to be detected (Hoffman, Huang, & Phelps, 1979; Huang, Hoffman, Phelps, & Kuhl, 1980; Mazziotta, Phelps, Huang, & Kuhl, 1982) . Thus, although spatial resolution in the present study was quite good, use of a PET camera with still higher spatial resolution could further improve its sensitivity.
Three additional benefits of the present PET study over SPECT studies should be noted. By measuring regional attenuation coefficients in each subject and by using more penetrant (higher energy) gamma emitters, PET has far more uniform sensitivity and a better signal-to-noise ratio throughout the brain. By using a short-lived radiotracer (H21'50), PET permitted multiple, independent measurements to be made in each subject, thereby increasing statistical power.
Data analysis. In the present study, analysis was restricted to 74 (37 per hemisphere) rather small ROls. ROls were made small to minimize mixing of values from hetereogeneous tissues and, thereby, to increase sensitivity. Small ROls, if well positioned, are more sensitive to regional abnormalities than are large ROls. If poorly positioned, they can be less sensitive than larger ROls. The sensitivity of this study, then, depends on its ROI placement. Rather than rely upon a single ROI placement strategy, two were used. Physiological ROI guidance exploited the fact that 20 of the 29 subjects had participated in a functional-activation study during which their speech motor systems were mapped. Physiological ROls were placed specifically on these areas.
Anatomical ROI placement used registration techniques developed for stereotactic neurosurgery. ROls were distributed throughout the brain, sampling most of the 41 Brodmann cytoarchitectonic regions, as indicated in the Talairach and Toumoux atlas (1988) . Great care was taken to position ROIs sufficiently far from one another to assure independence of sampling. For large cytoarchitectonic areas, ROls were placed in locations likely to be involved in speech or hearing or to approximate ROI placements in prior studies. For every ROI in every subject, placement was confirmed and refined by use of a coregistered, high resolution MRI.
The use of ROIs has inherent limitations. Optimal sensitivity can only be obtained when the entire ROI lies well within the bounds of the abnormal area. (A distance of twice the FWHM between the inner border of the abnormality and the outer border of the ROI is most sensitive (Hoffman et al., 1979; Huang et al., 1980; Mazziotta et al., 1982 .) Such placement is attainable when regional abnormalities are visually apparent (e.g., in focal epilepsy) or the location of the pathology is well defined (e.g., caudate nucleus hypometabolism in Huntington's disease). When regional abnormalities are not known or seen, ROI placement must rely on other strategies, as is done here. Despite the care exercised in ROI placement in the present study, the possibility remains that regional abnormalities do exist in areas that were unsampled. 4 The number of ROls employed in this study might be criticized as being too large. Inclusion of large numbers of ROls from normal brain areas can potentially dilute the observations and weaken the power of an omnibus analysis. Two findings mitigate this criticism. First, the five regional asymmetry (marginal) differences observed between groups were contributed by each of the ROI placement strategies and were found in very different brain areas: physiologically and anatomically defined ROls, cortical and subcortical structures, speech and nonspeech areas. Thus, any reduction of our sampling would likely have reduced our findings. Second, power analyses (performed on interactions near the significance threshold) indicated that present sensitivity for 4 A strategy for physiological ROI placement, considered but not used, was to place and adjust the location of each ROI on a per-person basis, so as to exactly match individual activation locations, rather than the group-mean locations. This strategy might have increased the precision of placement by a few mm, the typical between-subjects standard deviation of speech motor areas (Fox & Pardo, 1991) , but would have limited the number of subjects and areas studied. This strategy was not applicable to 9 of the control subjects, because they did not perform the speech motor tasks. Even in the subjects performing the speech motor task, not every physiological area was readily identified in every subject. The most reliable and least restrictive strategy was employed.
analyses at the ROI level was extremely high due to a large number of degrees of freedom and a very low variance.
An alternative to the use of ROI-based analyses is a voxel-by-voxel between-groups contrast. Whereas this strategy has been applied to explore the neural dysfunction associated with psychiatric disorders (Andreasen et al., 1994; Bench et al., 1992; Drevits & Raichle, 1995) , it is extremely sensitive to any imprecision in spatial normalization and registration. Further, this method has not yet been formally described or validated. Nevertheless, it may well prove possible to apply such an analysis to the present data at a later date.
Prior Functional Imaging Studies
Only one prior neuroimaging study can be considered a true functional-lesion study, that of Pool et al. (1991) . However, also attempted to use their findings to address the issue of fundamental brain abnormalities in people who stutter.
Pool et al. (1991). As described previously, this was a SPECT study that imaged, during rest, three separate "slices" of the brain (one of which is reported) for a group of people who stuttered and a larger group of nonstuttering control subjects. In producing findings of significant between-group differences in certain areas, their findings uniformly contradict those of the present study. Therefore, a comparison of the two studies on various dimensions seems in order. Beginning with subject characteristics, Pool et al.'s cohort of persons who stutter was larger (n = 20), but less selective, than that of the present study. Whereas that cohort was mainly right-handed men with developmental stuttering, one woman, two left-handers, and two persons with "postpuberty onset" were included. Sex and handedness are strongly associated with cerebral asymmetries (Geschwind & Galaburda, 1984; Gur et al., 1995) . Acquired stuttering is strongly associated with known brain lesions (Rosenbek, 1984) . Thus, up to 25% of their experimental subjects had confounding conditions likely to yield atypical patterns of brain blood flow, relative to the remainder of the experimental group.
The control subjects (n = 78) used by Pool et al. were not acquired concurrently with the experimental group, being drawn from a larger pool of subjects used in a study published 5 years earlier (Devous, Stokely, Chehabi, & Bonte, 1986) . Fox, Lancaster, and Ingham (1993) have argued that this delay was technically problematic and, at least in part, could account for the reported differences.
The regional analysis of Pool et al. was restricted to an asymmetry index. The expected Hemisphere effect (right > left) (Perlmutter et al., , 1987 , which was confirmed in the present study, was not addressed. Rather, abnormal asymmetries in 3 (of 11) regions were reported: anterior cingulate gyrus, superior temporal gyrus, and middle temporal gyrus. Although these regions were sampled in the present study, they produced no between-group differences (see Table 4 : AG, S/STG, MTG). In fact, whereas Pool et al. reported a consistent left < right laterality in these regions among persons who stuttered, in the present study the (insignificant) asymmetries were in the opposite direction in two of the three regions. Thus, the present study confirmed none of the observations of Pool et al. This lack of confirmation raises the issue of methodological differences between the two studies. Pool et al. measured brain blood flow in a single, low-resolution (1.7-1.9 cm) plane using 33 Xe SPECT. This single plane was oriented "by eye," without the aid of ancillary stereotactic or structural imaging (e.g., CT or MRI). The ROls applied were based on a standard template rather than being optimized physiologically or anatomically to target brain areas involved in speech and hearing. Further, the ROls were large and contiguous, which made no allowances for the partial volume averaging known to be problematic in such lowresolution images. Because no attenuation correction was applied, all measurements, particularly those deep to the surface of the brain, could be considered quantitatively questionable.
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Wu et al. (1995)
. This is a report of an 8 FDG PET study that the authors believe addresses the question of whether people who stutter display a "nonreversible trait difference" (p. 501). Their conclusion, that stutterers indeed show a "permanent left caudate hypometabolism which is a possible trait marker for stuttering . . . " (p. 504), was not replicated in the present study. They studied 8 right-handed adults: 4 persons with developmental stuttering and 4 normal controls. Both subject groups contained 3 men and 1 woman, roughly approximating the sex ratio found in the population of persons who stutter. The scan conditions were reading aloud and choral reading, which were directly compared, without a rest condition to establish whether functional lesions exist or to isolate the task-associated activations specific to each subject group. Such "hybrid" designs cannot clearly distinguish trait (i.e., the physiological terrain of the brain at rest) from state (i.e., the activation patterns specific to the required task). Wu et al. draw their conclusion regarding the caudate from the observation that caudate metabolism of the subjects who stutter did not normalize during the (supposedly fluent) choral reading condition. No data regarding stuttering frequency during the experiment are reported.
Wu et al. spatially normalized images relative to Talairach and Tournoux (1988) , as we advocate. Co-registered MRls, however, were not employed. Further, direct between-group comparisons of activations were made voxel-by-voxel, a procedure for which no validations have been published. This type of analysis is inherently susceptible to falsely positive "abnormalities," especially at boundaries between areas of high and low metabolism (or blood flow). Thus, their finding of an abnormality restricted to the caudate nucleus must be viewed with caution. The caudate, a grey-matter structure with a high metabolic rate, abuts the lateral ventricle, a cerebrospinal fluid space with a metabolic rate of zero. Further, the lateral ventricles vary greatly in size from individual to individual, are differentially enlarged by normal aging (Barron, Jacobs, & Kinkel, 1976; Glydensted, 1972; Talairach et al., 1967) . Variations in the size of the lateral ventricle, in turn, directly affect the position of the caudate, within the normalized space (Talairach et al., 1967) . Misalignment of even a single subject in either group would be sufficient to account for the decreased caudate metabolism observed. In the study reported herein, confirmation that the caudate ROI was well within the caudate nucleus and well removed from the ventricle was obtained by within-subject, co-registered MRI in every instance. The caudate nuclei showed no abnormalities of regional blood flow or regional asymmetry. Additionally, in a functional-activation study on the same subjects used in the present study (Fox et al., 1996) caudate activation was not observed. Thus, the finding of Wu et al. must await replication.
Conclusions
The present study, then, is an essentially negative functional-lesion report on developmental stuttering. In the ROI analysis, the only significant findings were between-region and between-hemisphere differences common both to persons who do and do not stutter. These variations are best understood as the brain's normal terrain. In the Laterality Index analysis, between-group differences were relatively minor variations in the expected regional asymmetries. These were not consistent in sense or direction, and were not associated with regional between-group differences. Although the methods of the present study were not beyond criticism, they were stronger-often greatly so-than prior neuroimaging studies of developmental stuttering. Given these findings, it appears that promising directions for future work are: (a) functional activation studies contrasting stuttering to (induced) fluency, and (b) a functional-lesion study restricted to severe developmental stuttering, this being the population in which focal lesions are most likely to be found, if they exist.
